Introduction
Chronic, subclinical exposure to certain environmental pollutants or drugs may perturb immune responsiveness and alter susceptibility of animals to infectious agents. Environmental chemicals or drugs may affect diverse aspects of the immune system, leading to immunosuppression, immunopotentiation, perturbed innate host resistance and hypersensitivity. A variety of experimental methods are being developed and evaluated in order to assess changes in host resistance following exposure to chemicals. Particular aspects of the vast array of cellular products and cell types involved in immunity can be examined selectively in appropriate models for monitoring host resistance in whole animals. Many of the complexities attendant to the effects of chemicals on immunologic processes, however, are unresolved. It is timely, therefore, to ask whether infectious models can be used *Departments of Microbiology and Pharmacology, Virginia Commonwealth University, Richmond, Virginia 23298. February 1982 routinely to assess immunotoxicity, what their reliability is, and whether they have utility in predicting human risk. There is evidence that exposure to environmental pollutants causes alterations in various immune responses. Our colleagues have shown, for example, that polychlorinated biphenyls, chloroform and trichloroethylene administered orally to mice for 90 days lead to immunosuppression of some immune responses (1) (2) (3) (4) . In addition, Vos (5) and Koller (6) have reviewed some results with other chemicals. There is considerable difficulty in interpreting data from different laboratories however. This complexity arises in large part from the rapid proliferation of information and methodology in the field of immunology. Moreover, the protocols used to measure immune functions and the methods for calculating and reporting data may be quite dissimilar for different laboratories. In order to resolve this dilemma, it is necessary to develop a battery of standard assays that can be reproducibly used in different laboratories. Other reasons for inconsistency in results stem from the differences Table 2 . Virus infections, especially with encephalomyocarditis virus, have been the most studied. Interpretation of results from studies using infectious models is even more difficult than those using immunologic assays. Several species as well as different strains of animals have been used, in addition to male and female animals, different ages, different routes of exposure to the chemical (parenteral, oral), and different timing regimens (acute, chronic). These variables have also been confounded by using a variety of infectious agents, for which the pathogenesis and host resistance parameters have been fully established in only a few instances.
We have previously shown that treatment intraperitoneally with some immunomodulators changes host resistance to Herpesvirus simplex locally but 62 has no effect systemically (34) . Similar differences have been observed recently between local and systemic effects in mice fed a high fat diet and given immunomodulator intraperitoneally before Listeria infection. The liver and its macrophages proved to be the target most adversely affected by the high fat diet, while the fixed macrophages in the peritoneal cavity were normally activated after immunomodulator treatment (Campbell and Loria, unpublished results). These data emphasize the importance of separating local from systemic effects, and the necessity of using microbial infections for which the pathogenesis and immune responses have been well characterized. The standard toxicity parameters of lymphoid organ weight, and hematologic profiles are also important in interpreting any changes in host resistance properly.
Potentially Useful Viral Models
Infection with the picornavirus, encephalomyocarditis virus (EMC), has been used extensively in immunotoxicologic studies. This picornavirus produces a rapid systemic illness in mice, particularly in the heart and brain target organs. Systemic infection by EMC is one of the standard infections used to assess efficacy of antiviral therapy (35) . Host defense mechanisms involved in recovery from this infection have been extensively documented; they include an early interferon response and induction of systemic neutralizing antibody which is independent of T-lymphocytes in the primary response (36, 37) . Studies on depletion of macrophages in infection with another picornavirus, Coxsackievirus, have indicated a role for these cells, possibly in an antibody-dependent cell-mediated cytotoxicity (ADCC) reaction which would amplify the viral specific antibody (36) . Resistance to this virus is not markedly age related, but there are differences between the sexes in some mouse strains (38) . Genetic resistance has not been as extensively studied as for some other virus infections. The primary importance of antibody in resistance to another picornaEnvironmental Health Perspectives Another infectious agent that may prove useful in immunotoxicity is Herpesvirus simplex (HSV).
We and others have clearly documented the multifaceted aspects of the immune response that may be involved in resistance to HSV infections (40, 41) . Sensitization of T-lymphocytes, with subsequent activation of macrophages for antiviral activity, appears to be prominent in host resistance. Whether the same types of macrophages or macrophage functions are involved in antibacterial, antiviral and antitumor resistance is as yet unclear. We have shown that antiviral and antitumor functions of macrophages do not necessarily occur simultaneously (42) . A role for interferon in the early stages of infection has been documented by 63 There is clear evidence for genetic resistance to HSV. C57BL/6 mice are among the most resistant, and resistance is dominant (50) . The mechanism of resistance has not been completely defined; Lopez's present hypothesis is that a marrow dependent cell, possibly the NK cell, is involved. We and others have also documented that resistance to HSV also increases considerably with the age of mice (40) .
Potentially Useful Bacterial Models
Infection with the gram-positive bacterium Listeria monocytogenes has been extensively investigated in regard to pathogenesis of infection, and the immune responses that are involved in recovery of animals from infection. From the data reported in the series of elegant studies of Mackaness and colleagues at the Trudeau Institute (51, 52) , it is now well accepted that recovery from infection depends upon specific sensitization of T-lymphocytes that then activate macrophages for enhanced nonspecific bactericidal activity. Fixed macrophages are also involved in the initial inactivation of the bacterium, while the activation of macrophages occurs within 2-3 days following systemic infection. Resistance to the bacterium can be assessed by mortality, or by bacterial colony counts of the liver and spleen, which are major sites for replication of the bacteria.
The resistance of mice to Listeria can be profoundly altered by the genetic makeup of the animal. For example, the C57BL/6 mouse is resistant, while the A mouse is susceptible (53) . The mechanism of the genetic resistance is as yet unclear. Bone marrow studies have indicated that resistance is determined by the host rather than by the donor, and that the spleen of the resistant animal is required for expression of the genetic resistance. The current hypothesis is that genetic resistance involves an interaction between macrophages and the microenvironment provided by the resistant genotype (54) . Despite the complexity of these interactions, Listeria infection provides a reliable model that has been well characterized. The infection primarily assesses competency of T-lymphocytes and macrophages.
Environmental Health Perspectives We have used both Listeria and HSV infections to assess host response to environmental toxicants and drugs. In one study, the effects of treatment with marijuana extract or with the pure chemical A9-tetrahydrocannabinol (A9-THC) was compared with effects of treatment with the known immunosuppressive alkylating agent, cyclophosphamide, or the steroid flumethazone (Table 4 ). The standard immunosuppressive regimens markedly decreased resistance to both HSV and Listeria, as did treatment of mice with A9-THC. The course of the Listeria infection was also exacerbated by treatment with marijuana extract but the HSV infection was not. Although there are certain similarities in resistance mechanisms to these two microorganisms, it is clear that there are differences, too (9) .
In another study, mice were exposed by gavage to polychlorinated biphenyls (Aroclor 1254) daily for 14 days prior to infection with Listeria or HSV-2 ( (58) . Mouse virulence is directly related to survival and multiplication in the peritoneal cavity leading to production of large amounts of endotoxin (58, 59 ). The virulence is correlated with resistance to phagocytosis by both macrophages and polymorphonuclear phagocytes (58, 59) . Phagocytosis can be enhanced by the presence of opsonins and complement in normal serum or specific antibody to E. coli K antigens (58, 60) . In the later phases of infection, survival should be dependent on the animal's defense against the effects of endotoxin. The (67) . Evidence that T-lymphocytes may also be involved in resistance comes from the observation that mediators of nonspecific resistance, such as BCG organisms, are capable of affecting parasite elimination in some strains of mice while nude mice remain highly susceptible (68) .
Conclusions
A variety of infectious models are available that involve relatively well defined target organs and host defense mechanisms (Table 7 ). It appears, however, that no one infectious model has yet emerged as a routine screening tool to detect and assess the subtle toxic effects that may occur in immune responses when animals are exposed to doses of environmental pollutants that cause no adverse effect at a gross level. This conservative judgement of the current state-of-the-art reflects both the sophisticated nature of the cellular and Environmental Health Perspectives molecular interactions operant in host resistance and the experimental reality that the optimum conditions for achieving sensitive and reproducible predictor systems in immunotoxicology have not been adequately defined. The selection of useful test systems will not be achieved easily because it is difficult to work with models concerned with the effects of chronic, subclinical exposure to chemicals. This difficulty is compounded when there is also a need to assess these effects in infection initiated with sublethal challenges of microorganisms.
It is timely to ask whether infectious models should be used routinely to assess immunotoxicity, and which immune dysfunctions cause increased risk to infectious agents or tumors in humans. There is no doubt that immunodeficiency in humans increases risk to infectious diseases. In general terms, patients with B-cell deficiencies are very susceptible to bacterial pathogens but have relatively normal resistance to viral infections. Patients with T-cell deficiencies are very susceptible to fungal, protozoan and viral infections and show increased vulnerability to intracellular bacterial parasites. Patients with phagocytic dysfunction are unusually susceptible to bacterial infections but have relatively normal resistance to viral or protozoan infections. In light of the increasing evidence that low levels of environmental pollutants affect the immune system and impair host resistance to infectious agents (69) , it is prudent to evaluate the utility of selected infectious models in immunotoxicity assessment.
